Two kinds of fumed SiO 2 nanoparticles with the same average diameter but distinct surface characteristics (hydrophilic A200 and hydrophobic R974) were incorporated into an ethylene-a-olefin block copolymer (OBC) to prepare high-performance thermoplastic elastomeric nanocomposites via simple melt mixing.
Introduction
In recent years, nanoller modied thermoplastic elastomers have emerged as a novel class of nanocomposites and have attracted considerable interest. Especially, functional thermoplastic elastomer nanocomposites with high conductivity, dielectric properties, ame-retardant performance and so on, have achieved signicant progress. [1] [2] [3] [4] [5] [6] [7] [8] The matrices for thermoplastic elastomer nanocomposites include styrenic block copolymers, thermoplastic polyolens, thermoplastic polyurethanes and thermoplastic copolyesters, etc.
7-10 These thermoplastic elastomers generally show both good processability and high elasticity which impart a favorable application prospect to their nanocomposites.
High-performance thermoplastic elastomer nanocomposites have been developed with the addition of a variety of inorganic llers such as silica nanoparticles (NPs), graphene, carbon black, carbon nanotubes, ceramics and other nanomaterials. [10] [11] [12] [13] [14] [15] [16] However, these nanomaterials are generally poorly dispersed within the matrix in the form of aggregates. It has been widely accepted that a homogeneous and uniform dispersion of NPs is one of the keys to achieve excellent reinforcement in physical and functional performance of thermoplastic elastomer nanocomposites. 17, 18 Many efforts have been devoted to improve the dispersion of nanomaterials by mixing methods, surface modication of nanomaterials and other methods.
19-22
Fumed silica NP was one of the most widely used nano llers for nanocomposites because of the high specic surface area, high thermal stability and high mechanical strength.
23-28
Abundant silanols exist on the surface of silica NPs, 29 which lead to the dispersion of silica NPs in the form of aggregates in the matrix due to the powerful NP-NP interaction and hydrogen bonding interactions. Thus, silica NPs are generally modied with different functional groups in order to achieve uniform dispersion by increasing NP-matrix interaction and decreasing NP-NP interaction. 30, 31 Except for reinforcement for thermoplastic elastomers, silica NPs are also utilized to fabricate dielectric composite materials. It has been reported that the addition of silica NPs in polymer can obtain high-k polymer composites which provide an ideal solution to combine the dielectric property of llers and low-temperature process-ability of polymer matrix. 32 However, high ller loadings reduces processability of the composites and even leads to a decrease in dielectric permittivity because NPs trend to agglomerate at high ller loading. In this regard, homogenous dispersion of silica NPs is still an important issue for preparation of high-k polymer composites.
Recently, a novel class of ethylene-a-olen copolymers, olen block copolymers (OBCs), which consist of alternating hard segments (crystallizable ethylene-a-olen blocks with extremely low levels a-olen comonomer) and so segments (amorphous ethylene-a-olen blocks with high levels of a-olen comonomer) have been synthesized by the chain shuttling technology. [33] [34] [35] Based on this technology, the produced OBCs feature excellent elastomeric property, good processability, outstanding heat resistance and high thermal stability. Moreover, OBCs exhibit better crystallization ability, higher crystallization temperature (T c ) and melting temperature (T m ), compared with ethylene-a-olen random copolymers (ORCs, one of the most widely used elastomeric polymers), resulting in a signicantly promising applications at relative higher temperatures. 36, 37 With these advantages, OBCs are chosen as the matrix to prepare multi-functional thermoplastic elastomer nanocomposites. [37] [38] [39] In our previous work, the mechanical properties of OBC were enhanced by introduction of multiwalled carbon nanotubes (MWCNTs). 37 An extremely uniform dispersion of MWCNTs in OBC through melt mixing was achieved due to the selective localization of MWCNTs caused by lower affinity towards the hard blocks of OBC. As the result, the mechanical properties of OBC were evidently improved.
In the present study, to impart enhanced mechanical and dielectric performances of OBC-based nanocomposites, two kinds of fumed silica NPs with the same average diameter but distinct surface characteristics (hydrophilic and hydrophobic) were incorporated into OBC via simple melt mixing. Scanning electron microscope (SEM) and transmission electron microscope (TEM) were carried out to characterize the different dispersion states of different silica NPs in the solid state, and rheological measurements along with thermodynamic analysis were performed to reveal the different dispersion states of silica NPs in the molten state. A chain-like dispersion of hydrophilic silica nanoparticles (A200) was achieved since the A200 NPs exhibit different affinity towards the different blocks of OBC, while hydrophobic R974 NPs dispersed randomly in OBC. As a result, the two series of OBC-based nanocomposites exhibit distinctly different mechanical and dielectric properties. 
Experimental

Characterization
Morphological observation. The morphology and dispersion states of silica NPs in the thermoplastic elastomer nanocomposites were observed with a JEOL JSM-5900LV scanning electron microscope (SEM, JEOL, Japan) at an accelerating voltage of 20 kV. The compression-molded samples were immersed in liquid nitrogen for 1 h, and then quickly impact fractured. All the fractured surfaces were sputtered with gold before observation. Furthermore, the dispersion states of silica nanoparticles were examined with a high-resolution transmission electron microscope (TEM) equipped with a eld emission gun operating at 200 kV. Before observation, ultrathin sample sections with a thickness of 50-100 nm were cryomicrotomed on a Leica EM UC6 ultra-microtome at À120 C.
Dielectric measurements. Dielectric properties of OBC and its nanocomposites were determined by an impedance analyzer (German Novocontrol, Concept 50) at a voltage of 1 V and a frequencies range of 10 0 to 10 7 Hz. The samples for dielectric tests were prepared by thermally compressing OBC and the composites into sheets with a thickness of about 1.2 mm and diameter of 25 mm at 150 C for 3 min under a pressure of 10 MPa. Dynamic rheological measurements. Rheological measurements were performed on a stress-controlled rotational rheometer (AR2000EX, TA Instruments, USA) using a parallel plate geometry with a 25 mm diameter. Frequency sweep was carried out in a dynamic frequency range of 0.01-100 Hz at a strain of 1% within the linear viscoelastic region at 150 C under nitrogen atmosphere. The samples were prepared by thermally compressing the composites into round disks with a thickness of 1.2 mm and diameter of 25 mm at 150 C for 3 min under a pressure of 10 MPa. Mechanical properties. The mechanical performance tests under uniaxial tension were performed on an Instron 5967 universal material testing machine at room temperature with a gauge length of 25 mm, and the rate of tension was 100 mm min À1 . All the tensile specimens were dumb-bell ones with a dimension of 25 mm Â 4 mm Â 0.5 mm, cut from the compression-molded sheets with a thickness of about 0.5 mm.
At least ve specimens were tested for each measurement and the average results were reported. Before measurement, all the specimens were stored at room temperature for one week.
Results and discussion
Dispersion of silica nanoparticles in OBC/SiO 2 nanocomposites
The dispersion states of both SiO 2 NPs in OBC matrix were observed by SEM and TEM. The SEM images of the nanocomposites with relatively low (5 vol%) and high (15 vol%) contents of SiO 2 are shown in Fig. 1a -f. In the whole eld of vision, no large aggregates can be found in neither OBC/A200 nor OBC/R974 nanocomposites. A200 SiO 2 NPs show a greater degree of connection in OBC/A200 nanocomposites as indicated in Fig. 1a , c and e, while single R974 NP and their small aggregates are uniformly dispersed in the matrix as shown in Fig. 1b, d and f because of the poor NP-NP interactions. 40 The dispersion was also examined by TEM. Fig. 1g conrms that a chain-like network structure was formed in OBC/A200 nanocomposites, while R974 NPs were irregularly dispersed in OBC/ R974 nanocomposites as shown in Fig. 1h . The reason for the chain-like dispersion in OBC/A200 will be analyzed in detail in the following section. Fig. 2 depicts the dielectric permittivity and loss tangent of OBC/ A200 and OBC/R974 nanocomposites with different content of SiO 2 as a function of frequency from 10 0 Hz to 10 7 Hz. In the low frequency ranges, the dielectric permittivity of OBC/A200 nanocomposites decreased sharply with the increasing of frequency owing to remarkable dielectric relaxation from 10 0 to 10 3 Hz. In the high frequency ranges, dielectric permittivity of OBC/A200 nanocomposites gradually become stable, because the dipoles do not have time to align in the direction of applied external eld. 41 The dielectric permittivity of OBC/R974 nanocomposites shows a substantial independence of frequencies. The dielectric loss of both OBC/A200 and OBC/R974 nanocomposites is quite low, always lower than 1 in the entire range of frequencies even when the content of SiO 2 is as high as 20 vol%.
Dielectric properties
The dielectric permittivity and loss tangent at 1 Hz of OBC/ A200 and OBC/R974 nanocomposites are summarized as a function of SiO 2 content in Fig. 3 . The dielectric permittivity of OBC/A200 nanocomposites continuously increased from 3.1 to 16.5 with increasing SiO 2 content. However, the dielectric permittivity for OBC/R974 nanocomposites shows very slight change with the increasing of SiO 2 content. The dielectric loss tangent of all OBC/A200 nanocomposites is higher than that of pure OBC, while the dielectric loss tangent of all OBC/R974 nanocomposites shi to a lower value compared with pure OBC as shown in Fig. 3b .
The different performances in dielectric properties for two series of nanocomposites can be ascribed to the different surface characteristics and the distinct dispersion states of SiO 2 nanoparticles. The surface of A200 NPs possesses more polar hydroxyl groups, resulting in effective orientation polarization within the nanocomposites due to the inherent dipolar nature of hydroxyl groups, which directly results in an obvious increase in dielectric permittivity for OBC/A200 nanocomposites at low frequency due to the accumulation of mobile charges at the interface between samples and electrodes. However, the polarization of hydroxyls on surface of R974 NPs was weaken by the numerous methyl surrounding hydroxyls. The addition of silica generally leads to improved dielectric permittivity. However, the groups on the surface of nanoparticles increase free volume at the interface between nanoparticles and matrix, which reduces the dielectric permittivity of the composite. 42 It is also probable reason here. The continuous chain-like distribution of hydrophilic SiO 2 (A200) in the nanocomposites resulting in easier shi of charge carriers to dissipate energy, which would be the main reason for the increase of dielectric loss aer the addition of SiO 2 (A200). In this regard, compared with pure OBC, the dielectric loss of OBC/R974 nanocomposites decreases owing to the irregularly-dispersed state of hydrophobic SiO 2 NPs (R974) in OBC/R974 nanocomposites. The weak connection between R974 NPs generates little polarization loss.
Rheological behaviors
Dynamical rheological measurements were utilized widely to characterize the ller network and the phase morphology in polymer composites. It has been admitted that particle-lled polymers can manifest a liquid-solid transition because of the existence of ller network structure within the composites.
43,44
The large-scale relaxation of polymer chains in the composites is prominently restricted by the presence of network structure. 45, 46 Thus, rheological properties can reect the dispersion states of NPs in composites. The storage modulus (G 0 ) and loss tangent (tan d, dened as the ratio of storage modulus to loss modulus) as a function of frequency measured at 150 C are shown in Fig. 4 . It is obvious that the two series of nanocomposites show signicantly different rheological properties and the differences can only stem from the different dispersion states of SiO 2 NPs with distinct surface characteristics. Fig. 4a shows that with increasing loading of SiO 2 NPs, the storage modulus of both series of nanocomposites increase gradually, resulting from the restriction of polymer chain relaxation in the presence of rigid particles and formation of inter-connected SiO 2 network. When the content of SiO 2 is as high as 10 vol%, the frequency-dependent of G 0 in low-frequency region is signicantly depressed. It should be noted that the storage modulus of OBC/A200 nanocomposites is always higher than that of OBC/R974 nanocomposites at the same loading level of SiO 2 NPs and the same frequency. The emergence of plateau in the low frequency region of storage modulus vs. frequency curve indicates the formation of developed interconnected SiO 2 network structure. Typically, the slopes in the low frequency region of lg G 0 $ lg u curve of OBC-A-5 nanocomposite is 0.157, tremendously lower than that of lg G 0 $ lg u curve of OBC-R-5 (0.582), conrming that the formation of developed network structure containing interconnected hydrophilic SiO 2 NPs in the composites. These results are perfectly consistent with SEM observation as well as the above discussed dielectric properties. Loss tangent (tan d) also characterizes the viscoelastic behavior of materials. In general, a higher value of tan d indicates larger viscosity of the material and a lower value of tan d implies that the material exhibits greater elasticity and less loss of energy under the dynamic deformation. Fig. 4b demonstrates the loss tangent (tan d) of OBC/A200 and OBC/R974 nanocomposites with different content of SiO 2 as a function of frequency. Obviously, the tan d of OBC-A-5 is much lower than 1, whereas that of OBC-R-5 is higher than 1, suggesting a signicantly solid-like behavior of OBC/A200 nanocomposites. This result also indicates that a developed interconnected network structure was formed at a low loading of hydrophilic SiO 2 (A200) in the nanocomposites, while the hydrophobic SiO 2 (R974) in OBC/R974 nanocomposites presents a separatelydispersed state as shown in Fig. 1 .
Thermodynamics analysis
Thermodynamics governs the distribution of the ller in OBC at the equilibrium state and classical thermodynamics can be used to predict the preferential distribution of llers in OBC.
37
As is known, different from ORC mainly containing random ethylene-a-octene copolymer, OBC consists of alternating hard segments (polyethylene-rich domains) and so segments (ethylene-a-octene-rich domains). 47 These two kinds of domains present different surface energy (g), due to the different chain sequences in the domains. Thus, the affinity between SiO 2 NPs and different domains is possibly the foremost reason for the peculiar chained distribution of hydrophilic SiO 2 in OBC/A200 nanocomposites. Therefore, classical thermodynamics were used to calculate the affinity of different SiO 2 NPs to different domains of OBC. The estimation of the interfacial tension between two components can be calculated from surface tension using the well-known equation of Wu:
in which g 1-2 is the interfacial tension between two components; g 1 and g 2 are the surface tension of component 1 and 2; g Because of the long polyethylene segments and random ethylene-a-octene segments of OBC, we describe the surface tension of polyethylene-rich domains and ethylene-a-octenerich domains by that of polyethylene and ethylene-octene copolymers (ORCs), respectively. In previous work, it has been proved that the content of octene has little effect on the surface tension of ORCs, thus the use of surface tension of ORC with 39% octene content to describe the surface tension of ethylenea-octene-rich domains of OBC with 38% octene content is comparatively reasonable. 37 The surface tension values of the materials at 190 C (higher than the melting point of OBC) were used. The values of surface tension, as well as its dispersion components and polar components are listed in Table 1 . The interfacial tension between different SiO 2 NPs and different rich domains of OBC was calculated using the geometric mean equation and the values of all possible pairs are listed in Table 2 .
As is known, hydrophilic SiO 2 NPs, A200, tend to gather together to form aggregates due to the high interfacial tension and abundant hydroxy groups. On the contrary, hydrophobic SiO 2 NPs, R974, are more likely to disperse in the polymer matrix in the separately-dispersed state because of the relatively low interfacial tension. 51 However, an unexpected result happened in our work that A200 presented a peculiar chained distribution in OBC/A200 nanocomposites instead of gathering into large aggregates. This phenomenon can be explained with the results from the thermodynamic analysis. As can be seen in Table 2 , in OBC/A200 nanocomposites, the interfacial tension between A200 NPs and ethylene-a-octene-rich domains is much smaller than that between A200 NPs and polyethylene-rich domains, namely, A200 shows higher affinity to ethylene-aoctene-rich domains. It indicates that aer melt mixing, the interconnected A200 NPs are inclined to distribute along the ethylene-a-octene chain segments, resulting in a chained distribution of A200 NPs in the nanocomposites. In comparison, the interfacial tension between R974 NPs and ethylene-aoctene-rich domains is close to that between R974 NPs and polyethylene-rich domains, which indicates that R974 NPs do not show a selective localization in the different domains of OBC. These results indicated by thermodynamic analysis are in good agreement with SEM and TEM observations.
Mechanical properties
In this study, we incorporated SiO 2 NPs with distinct surface characteristics into OBC, with the purpose of getting a highperformance nanocomposites. Considering that the peculiar chained distribution of A200 NPs and the interconnected network structure are hopeful to improve mechanical properties of nanocomposites, some of the typical mechanical properties of thermoplastic elastomer nanocomposites are further characterized. The representative uniaxial tensile stress-strain curves for Fig. 4 Logarithmic plots of (a) the storage modulus and (b) the loss tangent as a function of frequency. OBC and its nanocomposites are presented in Fig. S1 . † The average values of tensile modulus, elongation at break, stress at 100% and 500% stretching of two series of nanocomposites are plotted versus the content of SiO 2 NPs in Fig. 5 . As shown in Fig. S1 , † the stress-strain curves of pure OBC and its nanocomposites are quite different. Pure OBC shows a continuously increasing stress at low strains and strainhardening at the late stage. However, nearly all of nanocomposites evidently exhibit a yield plateau or necking phenomenon at low strains. This phenomenon can be attributed to the incorporation of fumed SiO 2 NPs which restricts the segmental motion of the matrix in elastic deformation stage. Aer yield point, the restricted chain segments begin to move, showing strain-soening. It should be noted that OBC/A200 nanocomposites exhibit more obvious strain-soening compared with OBC/R974 nanocomposites, probably due to the more stable interconnected A200 network structure.
In Fig. 5a and b, the stress at a certain stretching (100% and 500%) of both series of nanocomposites, show a signicantly increasing tendency with increasing content of SiO 2 NPs. The stress at a certain stretching mainly depends on the network structure of the llers in the nanocomposites. With the increasing content of SiO 2 NPs in both OBC/A200 and OBC/ R974 composites, the net-work structure of the SiO 2 NPs become more and more perfect, which improve the stress. Comparing OBC/A200 with OBC/R974 nanocomposites, the network structure of SiO 2 is well-developed more easily in OBC/ A200 due to the peculiar chain-like structure of SiO 2 . Thus, the stress at 100% and 500% stretching of OBC/A200 nanocomposites is always much higher than that of OBC/R974 nanocomposites. In addition, the tensile modulus of both series of nanocomposites increases, and the percentages of reinforcement in the tensile modulus of OBC/A200 are almost four times as much as those of OBC/R974 at the same content of SiO 2 as seen in Fig. 5c . Therefore, we can conclude that the greatly enhanced mechanical properties for OBC/A200 nanocomposites over OBC/R974 nanocomposites is primarily due to the peculiar chained distribution and interconnected network of A200 NPs in OBC/A200 nanocomposites. This particular chain structure can hinder the aggregations of hydrophilic SiO 2 , and impel SiO 2 to present a peculiar chained distribution in OBC/A200 nanocomposites, showing a signicantly reinforcement effect in the nanocomposites. Typically, larger stress and tensile modulus were achieved in OBC/A200 nanocomposites compared with OBC/R974 nanocomposites.
In Fig. 5d , the tensile elongation at break of OBC/A200 and OBC/R974 nanocomposites are both higher than 1300% even when the content of SiO 2 is high as 20 vol%, and the tensile elongations at break of both series of nanocomposites are close at the same content of SiO 2 . According to previous studies, 52, 53 the large elongation at break of OBC stems from the long and exible chain segments (so blocks) between crystals (hard blocks), which can be stretched easily.
54
Thus, a new elastomeric nanocomposite with excellent mechanical strength and toughness, and improved dielectric properties was developed. With these advantages, this new material holds potential to be utilized in elds such as dielectric elastomers, toughening agents for dielectric materials, electrically-driven deformation materials and exible damping devices.
Conclusions
OBC/A200 and OBC/R974 nanocomposites were prepared through one-step melt compounding method and the effect of the distinct different surface characteristics of the two kinds of fumed nano-silica nanoparticles on the structure and performance of OBC based nanocomposites was investigated. The hydrophilic silica (A200) with more silanols dispersed in OBC in a peculiar chain-like structure while the hydrophobic silica (R974) NPs dispersed separately in OBC. Selective localization of hydrophilic silica (A200) due to the higher affinity towards the so blocks of OBC dominates the peculiar chain-like distribution of hydrophilic silica in OBC composites while the hydrophobic silica NPs exhibit close affinity towards both the so blocks and hard blocks of OBC. The percolation threshold of OBC/A200 nanocomposites is lower than that of OBC/R974 nanocomposites due to the peculiar chain-like distribution and inter-connected SiO 2 in OBC/A200 nanocomposites. The OBC/A200 nanocomposites exhibit enhanced dielectric permittivity with low dielectric loss. The percentages of reinforcement in stress at a certain stretching of OBC/A200 nanocomposites are always higher than that of OBC/R974 nanocomposites at the same silica loading, and even better, the percentages of reinforcement in tensile modulus of OBC/A200 nanocomposites are almost four times higher than that of OBC/R974 nanocomposites at the same silica loading.
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